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Abstract
A newly patterned electrode is designed for a dielectric liquid lens. The electrode has a radial
interdigitated structure which can provide a symmetrical-nonuniform fringing field. This electric
field can effectively deform the shape of a dielectric liquid droplet in radial direction, causing the
focal length of the liquid droplet to change. For a lens using glycerol as the droplet and optical
oil (SL-5267) as the surrounding medium, its focal length (f) can be tuned in the range of
∼−8.28⩽ f⩽∼−4.4 mm, when the applied voltage is changed from 0 to 120 Vrms. In contrast to
previous approaches, the liquid lens with radial interdigitated electrode has the advantages of
scalable aperture size, wide variability of focal length, and good optical characteristics.
Moreover, the driving voltage is insensitive to the size of the droplet.
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1. Introduction

Adaptive-focus liquid lenses have potential applications in
mini-camera module, image surveillance, target tracking, and
other portable electronic devices. Various approaches have
been demonstrated for preparing these lenses. Traditional
methods can be classified into pneumatic pumping [1–4],
stimuli-response hydrogel [5], acoustic [6], ferrofluidic piston
[7–9], electrically mechanical actuation [10–13], electrowet-
ting [14–19], and dielectrophoretic effect [20–27]. Each
approach has its own merits and demerits. Among them,
electrowetting and dielectrophoretic effect are the most
attractive approaches because of direct voltage actuation with
low power consumption. These two types of lenses have
similar features, e.g., two immiscible liquids are employed in
the lens cell; one liquid forms a droplet on one substrate
surface and the other liquid fills the outer space of the droplet.
Due to the geometric symmetry, the droplet exhibits a lens
character. By applying an external voltage to the liquids, the
shape of the droplet can be deformed, causing the focal length
of the lens to change. For an electrowetting lens, one liquid

should be salty water, and the shape of the droplet is
deformed by the generated electrostatic force. As a compar-
ison, the two liquids used for a dielectric lens should be
insulator but with different dielectric constants. When an
electric field is applied to the liquids, the shape of the droplet
is deformed by the generated dielectric force. Different from
an electrowetting lens, a dielectric liquid lens may not employ
water as the liquid. Therefore, some dielectric liquids with
good physical properties can be chosen for improving the lens
characteristics without the issues of evaporation and micro-
bubble producing.

To deform the shape of a dielectric liquid lens, an
inhomogeneous electric field is required. Such an inhomo-
geneous electric field in a liquid lens cell can be obtained by
two methods. One is to apply a voltage across both substrates
[23]. If the electrode on both substrates is continuously flat
without patterning, a non-uniform electric field is obtained on
the surface of the liquid droplet. Because the size of the
droplet is dependent on the cell gap, a larger droplet needs a
thicker cell gap. As a result, a higher voltage is required to
deform the shape of a larger droplet. The other way is to use a
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fringing field to deform the shape of a liquid droplet. The
fringing field is provided by a zone-patterned electrode on one
substrate [22]. Since the voltage is independent on the cell
gap, the aperture of the lens is scalable. Because the zone-
patterned electrode provides a discontinuous fringing field in
radial direction, the shape of the liquid droplet could not be
effectively deformed even though the driving voltage is high.

In this paper, we proposed a newly patterned electrode
for a dielectric liquid lens. The electrode has a radial-inter-
digitated structure. When an external voltage is applied to this
electrode, a continuously inhomogeneous electric field is
generated. This field can deform the shape of a liquid droplet
in radial direction, causing its focal length to change effi-
ciently. In contrast to previous approaches, our liquid lens
with the radial-interdigitated electrode has the advantages of
scalable aperture size, large focal-length tunability, and good
optical performance. Moreover, the driving voltage is insen-
sitive to the gap of the lens cell.

2. Operation mechanism and device structure

When a dielectric object is placed in an inhomogeneous
electric field, the object is subjected to a dielectric force. The
force can pull the object to move in the direction towards
higher electric field. This effect is called dielectrophoresis
(DEP). Except for cell separation and particle manipulation
[28, 29], DEP has been widely used to actuate dielectric
liquid lenses. Different from conventional DEP devices, a
liquid lens has special requirements about the generated
electric field: inhomogeneous intensity and circularly sym-
metrical distribution. To generate an inhomogeneous electric
field, an interdigitated electrode is desirable. Figure 1 shows
the operation mechanism of a dielectric liquid droplet whose
surface can be deformed by a fringing field. A dielectric

droplet is dripped on the indium tin oxide (ITO) electrode. In
the voltage-off state, the droplet presents a spherical shape
with the lowest surface-to-volume ratio, as shown in the left
side of figure 1(a). When a voltage is applied to the electrode,
a fringing field is generated. Near the edges of each ITO stripe
the gradient of the electric field is the highest. The molecules
at the edge of the droplet experience the highest dielectric
force. The dielectric force is expressed by [30]

ε
ε ε= − − f E

2
( ) , (1)0

1 2
2

where ε0 is the permittivity of free space, ε1 and ε2 are
dielectric constants of the droplet and the surrounded med-
ium, respectively. E denotes the electric field. If ε1 > ε2, then
these molecules are pulled to move towards the region with
higher electric field. Due to the cohesive force between the
adjacent molecules and the adhesive force between the dro-
plet and the substrate, the dielectric force can stretch the
surface of the droplet. Along the ITO stripes, the fringing field
is continuous, while in the direction perpendicular to the ITO
stripes, the electric field is discontinuous. Due to this reason,
the droplet is stretched along the electrode direction, as the
right side of figure 1(a) depicts [20, 21, 31]. This droplet is
not suitable as a lens because of the distorted shape.

To efficiently deform a liquid droplet, the electrode can
be designed with a radial-interdigitated pattern, as illustrated
in the left side of figure 1(b). Each ITO strip presents a fan
shape and the adjacent strips are separated with a gap. The
radius of the center area without ITO is r and the radius of
ITO electrode from the center to the border is R (≫r). The
ITO stripes are circularly symmetric. In the voltage-off state,
a dielectric droplet (L-1) is placed at the center area with the
smallest surface-to-volume ratio. When a voltage is applied to
the electrode, the generated fringing field between each
adjacent ITO stripes is continuous in radial direction. The
droplet is subjected to a dielectric force in radial direction,
causing the shape of the droplet to change, as illustrated in the
right side of figure 1(b). Due to its spherical shape, the droplet
still exhibits the lens character but with a varied focal length.
Except the fluctuation surface of the droplet on the edge, the
surface of the droplet is very smooth because of the surface
tension. Similar to the liquid lenses with zone-patterned
electrode, the optical performance of the lens shown in
figure 1(b) will not be affected by the generated fringing field.

To theoretically describe the fringing field, we simulated
the electric field distribution based on the ITO pattern shown
in figure 1(b). The simulation has been carried out by com-
mercial simulation software TechWiz (Sanayi System). We
computed the potential distribution by solving the Poisson
equation and then the distribution of electric field in the
media. In the simulation, we divided the cell into multiple
layers. The thickness of each layer is 0.1 μm. The mesh size
on the horizontal direction is 0.05 μm. After obtaining the
electric field by TechWiz, we plotted the field distribution
figures in Matlab. In this structure, the gap of adjacent ITO
stripes is 20 μm, and the width of each ITO stripe is linearly
increased with the narrowest width of the ITO strip being
20 μm. To simplify the calculation, a x, y, z coordinate system

Figure 1. Mechanism of stretching the surface of a liquid droplet
with two different ITO patterns: (a) parallel-interdigitated stripes, (b)
radial-interdigitated stripes.
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(not shown) is established in the center of the radial pattern.
The x-axis is set perpendicular to one ITO stripe, the y-axis is
along the ITO stripe, and the z-axis is vertical to the surface of
the substrate. When a voltage is applied across the stripes, the
electric field can be decomposed into two parts: along the x-
direction (Ex) and along the z-direction (Ez). There is no
electric field along the y-axis. Suppose the voltage is
V= 100 Vrms and the width of the ITO stripe is 150 μm, the
simulated electric field distribution is given in figure 2(a).
Along the x-direction near the edges of the ITO stripe, the
electric field is the strongest. According to equation (1), the
generated dielectric force is strongest in the radial direction.
Since the ITO pattern is geometrically symmetrical, the
generated dielectric force is symmetric too. For the ITO stripe
with different width, the electrode provides the similar electric
field distribution. Figure 2(b) shows the field distribution
when the width of the ITO stripe is chosen to be 240 μm.
Different from the results shown in figure 2(b), the density of
fringing field becomes looser. To balance the loss of the
electric field density, a feasible way is to decrease the gap of
adjacent ITO stripes, decrease the width of the ITO strip, or
both of them.

To enhance the mechanical stability, the outer space of
the droplet (figure 1(b)) is filled with another immiscible
liquid. The side-view structure of the lens cell is shown in
figure 3(a). It consists of the bottom glass plate (with radial
ITO stripes), the liquid droplet (L-1), the filled liquid (L-2),
and the top glass plate. To prevent any charge from being
injected into the liquids, a dielectric film (D-1) is coated on

the electrode. When a voltage is applied to the electrode, the
droplet is stretched in the radial direction, as shown in
figure 3(b). Because the surface profile of the droplet is
changeable, the focal length of the droplet can be tuned.
When the voltage is removed, the droplet can recover to its
original shape owing to the interfacial tensions. To get rid of
the effect of surface undulation on the edge of the droplet and
improve the contrast of imaging, an iris diaphragm is placed
on the top of the cell. The opening diameter of the iris dia-
phragm is slightly smaller than the aperture of the droplet.

3. Experiment

Firstly the ITO electrode coated on one glass substrate was
etched with a radial-interdigitated pattern. The gap of adjacent
ITO stripes is 20 μm, and each ITO strip presents a fan shape.
The radiuses of r and R are 2 mm and 5 mm, respectively.
Around the circular aperture there are 44 stripes. Then the
ITO surface was coated with a Teflon layer (γT∼ 19

Figure 2. Electric field distribution along x- and z-direction with 20 μm ITO gap. The applied voltage is 100 Vrms. The width of the ITO stripe
is (a) 150 μm and (b) 240 μm.

Figure 3. Side-view structure of a liquid lens using radial
interdigitated electrode. (a) Relaxing state and (b) stretching state.
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dyne cm−1 at room temperature). The Teflon layer is used as
the dielectric film (D-1). To fix a liquid droplet, the Teflon
layer at the center area of electrode was etched with a hole.
The inner edge of the electrode does not expose in the hole. A
small amount of glycerol (ε1∼ 47, ρg = 1.25 g cm

−3, γg∼ 63
dyne) with high purity (>99.5%) was dripped in the Teflon
hole. The droplet contacting the bottom substrate is the
aperture. The radius of the droplet aperture is ∼2 mm in the
voltage-off state. A cylinder with an aperture much larger
than that of the droplet is placed around the glass substrate to
form a container. Then optical oil SL-5267 (ε2∼ 5,
ρg∼ 1.26 g cm−3, γg∼ 50 dyn cm−1) was used to fill the outer
space of the glycerol droplet. Finally, the two liquids were
covered with another glass plate to form a lens cell. The
periphery of the cell was tightly sealed using epoxy glue.

4. Results and discussion

Figure 4(a) shows part of the patterned electrode. The slightly
dark area is covered with ITO electrode and the bright stripes
are the region without ITO electrode. The size of the substrate
is 1.8 × 1.8 cm. Figure 4(b) shows the top-view structure of
the prepared lens cell. The thickness of the cell is ∼7 mm. To
clearly observe the lens cell, the top glass substrate is not
placed. The glycerol droplet in the center of the bottom
substrate is observable. The size of the lens cell can be
compared with the size of a dime.

For the glycerol droplet, its refractive index (n1∼ 1.47) is
smaller than that of the surrounding oil (n2∼ 1.67), so the lens
is a diverging lens. To evaluate the lens performance as its
aperture is changed, a bunch of flowers was chosen as the
object, as shown in figure 5(a). The object was placed under
the lens cell at ∼20 mm distance. A digital camera was used
to record the observed image. At V= 0, a clear image was
observed in white light circumstance, as shown in figure 5(b).
The radius of the iris diaphragm placed on the top of the lens
cell is ∼1.75 mm. The image is virtually upright and dimin-
ished. The image begins to grow when the voltage applied to
the electrode is higher than 30 Vrms. Figure 5(c) shows the
image when V= 40 Vrms (300 Hz). The size of the image is
magnified. This is because the curvature of the droplet is
flattened, leading the power of the lens to increase. The image
keeps growing when the voltage is increased. Figures 5(d)

and (e) show the observed images when V = 80 and 120 Vrms,
respectively. Not only the image is obviously magnified, but
also the image performance is improved. To estimate the lens
performance, a USAF resolution target is used to replace the
flowers. In the voltage-off state, the lens could clearly resolve
group 4 and element 3, so the resolution is ∼20 lp mm−1, as
shown in figure 5(f). When V= 120 Vrms, the resolution of the
lens reaches ∼25 lp mm−1. Although the voltage is relatively
high, the power consumption is only several milliwatts.

Similar to conventional glass lens, the optical perfor-
mance of a liquid lens is limited by the lens aberration, dif-
fraction limit, or both. If the lens has no aberration, then the
resolution of the lens is limited by diffraction. The limiting
resolution (or cutoff frequency) R(C) is expressed by [32]

λ=R (C) 2(N.A.)/ , (2)

where N.A. is the numerical aperture and λ is the wavelength
of light. When the lens is focused at infinity, the image-space
N.Ai of the lens is

≈ n
D

f
N.A

2
, (3)i

where n is the refractive index of the medium in which the
lens is working, D is the diameter of the lens aperture, and f is
the focal length of the lens. From (2) and (3), we have

λ
=R

D

f
(C) . (4)

From (4), if the size of the aperture is fixed, then
increasing the optical power of the lens (1/f) will improve the
resolution of the lens. For our liquid lens, the distance of the
object is much larger than the aperture of the lens, so the
observed resolution of the lens satisfies (4). Because our lens
is a diverging lens, its optical power increases when the
curvature of the liquid interface increases. Therefore, the
optical performance of our lens is improved when a higher
voltage is applied to the electrode.

A diverging lens can’t focus a beam to a point, so one
can’t measure its focal length directly. A simple way to
measure its focal length is to integrate it with a convex lens,
so that the focal power of the lens system is positive. A simple
setup for measuring the focal length is shown in figure 6. A
collimated He-Ne laser beam (λ= 633 nm) is used to illumi-
nate the liquid lens. After converging by the imaging lens, the

Figure 4. (a) The patterned ITO structure and (b) the top view of the assembled lens cell.
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focused beam can be analyzed using a CCD beam profiler
(BGS-USB-SP503). The distance from the focal point to the
vertex of L1 is known as the back focal length (b. f. l.).
Theoretically, b. f. l. is expressed by [33]

=
−

− +
( )
( )

b f l
f d f

d f f
. . . , (5)

1 2

1 2

where f1 and f2 are the focal lengths of Li and the lens cell,
respectively. d is the distance from the imaging lens to the
lens cell. If f1, d, and b. f. l. are given or measured, then f2 can
be calculated. The focal point is defined as the position with
the highest light intensity. In our setup, f1 = 35 mm and
d∼ 45 mm.

Figure 7 shows the focal length of the liquid lens as well
as the droplet aperture versus the applied voltage. When the
aperture of the glycerol droplet changes from ∼4.8 mm to
∼6.5 mm, its focal length is tuned from ∼−4.41 mm to
∼−8.28 mm. The bars in figure 7 denote the experimental

error of the focal length due to the uncertainty in determining
the beam waist.

When the liquid lens is actuated for imaging, the
response time of the liquid lens should be considered. It is
easy to measure the response time of the liquid lens when it is
impacted by a voltage pulse. In the voltage-off state, the
position of the CCD is adjusted so that it can detect a lower
light intensity in a defocus state. When a voltage pulse is used
to impact the lens, the light is focused and it can detect a
higher light intensity. The measured intensity is analyzed
using a digital oscilloscope. Figure 8(a) shows the time-
dependent light intensity change when the liquid lens is
impacted by a 100 Vrms pulse. The duration of the voltage
pulse is 7 s, and the frequency of the squared pulse is 300 Hz.
It takes τrise ∼ 6 s for the droplet to expand its interface to a

Figure 5. Object and images of the object observed through the liquid lens with different voltages. (a) Object, (b) V= 0, (c) V= 60 Vrms, (d)
V= 100 Vrms, (e) V= 120 Vrms, and (f) resolution target at V= 0.

Figure 6. Setup for measuring the focal length of the liquid lens.

Figure 7. The dependent of focal length and droplet aperture on
various voltages.
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stable state and τdecay ∼ 6.5 s for the droplet to recover to its
original shape. It should be noticed that the light intensity
firstly keeps constant for a while (∼2 s) after removing the
voltage, then it starts to decrease. This result implies that the
expanded surface of the droplet occupies a large area, and it
takes two seconds for the droplet to deflect light.

Like previous liquid lenses, the response time of our
liquid lens is dependent on the amplitude of the voltage pulse.
Figure 8(b) shows the response time versus the applied vol-
tage. When the amplitude of the voltage pulse increases, the
τrise (τdecay) has a tendency to decrease (increase). A higher
voltage provides a stronger dielectric force, leading to a faster
shape deformation. To recover to its original shape, a larger
deformed droplet needs a longer distance to travel, leading to
a slower response time (τdecay).

In contrast to previous liquid lenses, the measured
response time of our liquid lens is relatively slow. The main
reason is due to the large diameter of the droplet aperture.
Usually a slight focus change will need a short response time.
For example, the focal length of a normal human eye is
f1 =∼25 mm when it focuses a distant object. When the eye
looks at an object up close (∼25 cm), the focal length is
f2 =∼22.7 mm. A small focal length change (Δf= 2.3 mm)
leads to a large dynamic imaging. As a comparison, a slight
focus change of our lens (figure 7) will not need a large
response time (figure 8). For a limited focus change, the
response time of our lens is reasonable for the dynamic
imaging.

Similar to previous liquid lenses, the size of our liquid
lens is insensitive to the driving voltage because of in-plane
fringing field actuation. Therefore, the size of the liquid lens
is scalable. The driving voltage can be further reduced by
optimizing the ITO pattern: decrease the gap of adjacent ITO
stripes and increase the number of ITO stripes. Both liquids
have matched density, so the gravity effect on distorting the
shape of the droplet is negligible. Moreover, the droplet can
be fixed in the Teflon hole due to adhesive force. The droplet
will not shift when the lens cell is placed vertically. Our lens
can present good mechanical stability without the issues of
shaking, shocking or vibrating.

It is clear that one can easily prepare a converging lens if
the optical oil is used as the droplet and glycerol is used as the
surrounding medium. Different from a diverging lens, a

converging lens with the same aperture size as that of a
diverging lens usually can focus an object with a high reso-
lution image. Owing to the radial interdigitated electrode, the
generated fringing field can effectively deform the shape of a
liquid droplet. If the electrode structure (the gap of the adja-
cent stripes and the number of the ITO stripes) is optimized,
the driving voltage of our liquid lens can be reduced largely.

5. Conclusion

We have reported a dielectric liquid lens with a radial-inter-
digitated electrode. The newly patterned electrode can pro-
vide a symmetrical-inhomogeneous fringing field. Different
from previous approaches, the generated dielectric force
exerting on the surface of our liquid lens is in radial direction.
Therefore, the radial-interdigitated electrode can efficiently
deform the shape of a dielectric liquid lens, while the lens cell
remains the merits of simple fabrication, compact structure,
easy operation, and good mechanical stability. Using a 4 mm
aperture glycerol droplet as the liquid lens and optical oil (SL-
5267) as the surrounding medium, its focal length can be
changed from ∼−4.41 to ∼−8.28 mm when the applied vol-
tage is varied from 0 to 120 Vrms. The demonstrated liquid
lens exhibits good optical performance, and the response time
is reasonable fast when its shape is deformed slightly. By
optimizing the ITO electrode structure, both driving voltage
and power consumption can be reduced largely. In contrast to
previous approaches, our liquid lens with radial interdigitated
electrode remains the advantages of scalable aperture size and
wide variability of focal length. Moreover, the driving voltage
is insensitive to the size of the liquid lens. Our liquid lens with
radial-interdigitated electrode has promising applications in
imaging processing, optical communication, machine vision,
and cell phone.
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